ABSTRACT. The planktonic larvae of the opisthobranch Aplysia juliana stop growing about 30 d after release from the egg niass. Both tissue and shell mass remain at a plateau in excess of 200 d. During this pel-~od larvae swim, feed dnd renlaln conlpetent to metamorphose. Mortality of larvae in long-term cultures appears to be due to envlronn~ental factors rather than senescence. T h e potential duration of larval life suggests that these larvae are capable of long-d~stance dispersal by major ocean currents.
INTRODUCTION
It has been proposed in the past that most benthic marine invertebrates produce larvae which have a planktonic period of relatively short duration, 3 to 6 wk (Thorson, 1950 (Thorson, , 1961 Ekman, 1953) . The implication was that such larvae do not possess the potential for trans-oceanic dispersal; transport of larvae away from coastal waters and into the open ocean was considered a large source of wastage and of little consequence in terms of species distribution. More recent studies suggest that larvae with the potential for long-distance dispersal are more common than previously thought (Scheltema, 1966 (Scheltema, , 1971b Strathman. 1978) . Scheltema (1966) , in a series of plankton tows taken throughout the Gulf Stream and North Atlantic Drift, found a continuous distribution of prosobranch veliger larvae belonging to a species of the genus Cyrnatiurn. Subsequently, he provided examples of such teleplanic (farwandering) larvae from all the major invertebrate phyla (Scheltema, 1971b) . Because larvae of Cyrnatiurn sp. taken at increasing distance from shore showed no mean increase in size, Scheltema (1966) proposed that teleplanic larvae attain a metabolic steady-state, assimilating enough nutrients to sustain swimming, feeding and other metabolic demands, but not enough to allow further growth. Despite the appeal of this O Inter-ResearchIPrinted in F. R. Germany hypothesis, substantial experimental proof for the existence of a metabolic steady-state during larval life with concomitant retention of metamorphic competence has not been forthcoming (Pechenik, 1980) . Hadfield (1963) considered certain opisthobranch veligers to be quite plastic in the length of their planktotrophic period and " able to metamorphose or continue to swim from soon after hatching to an extended period". This suggestion is supported by the fact that many opisthobranch species are known to produce larvae that will metamorphose only in response to a specific inducing substrate, usually the adult food (Thompson, 1958 (Thompson, , 1962 Hadfield and Karlson, 1969; Kriegstein et al., 1974; Hadfield, 1977; Switzer-Dunlap and Hadfield, 1977; Chia and Rice, 1978) . Veligers of a number of opisthobranchs have been shown to reach a plateau of shell growth just before the point in development when first able to metamorphose (Kriegstein et al., 1974; Switzer-Dunlap and Hadfield, 1977; Kempf and Willows, 1977; Chia and Koss, 1978) ; larvae of Rostanya pulchra can continue to feed and retain the ability to n~etamorphose for at least 3 wk after competence to metamorphose is attained (Chia and Koss, 1978) . These characteristics suggest that at least some opisthobranch larvae may maintain competence to metamorphose and a nongrowing steady-state long enough to accomplish tele-planic dispersal. The present report provides evidence for this hypothesis from laboratory experiments with larvae of Aplysia juliana.
MATERIALS AND METHODS
Egg masses were obtained from both laboratory reared and field-collected Aplysia juliana held in tanks with running sea water. The egg masses were incubated in aerated sea water previously filtered through a Millipore pre-filter (Cat. no. AP2504700). Water in cultures was changed daily until larvae emerged from the egg mass 7-8 d after oviposition. Larval cultures were set up to investigate (a) the length of the larval growth period, (b) persistence of the competence to metamorphose and (c) the ability of larvae tc survive over long periods. Each culture initiallv consisted of 600 larvae in 800 m1 of Millipore pref~ltered sea water. Cultures were fed the unicellular alga Pavlova (Monochrysis) lutheri and were maintained according to the methods of Switzer-Dunlap and Hadfield (1977) . Temperatures during e g g mass culture varied from 23.9'-28.8 "C and in larval cultures from 23.5'-30.0 'C.
Data were collected from 2 sets of larval cultures during the investigation. Set I consisted of 3 larval cultures; 2 cultures from the same egg mass that were used to study growth (hereinafter termed growth cultures) and 1 additional culture from a different e g g mass that was set up to determine the potential maximum duration of larval survival (hereinafter termed survival culture). Set 11 contained 15 larval cultures; 1 growth culture, 1 survival culture and 3 stock cultures were set u p from each of 3 different egg masses (i. e. S cultures from each egg mass). Larvae in the survival culture of Set I were counted and examined at hatching, 40 d after hatching and subsequently on an irregular schedule. In Set 11, larvae in survival cultures were counted and examined every 9 d for the first 54 d and then monthly. Larvae maintained for growth observations were sampled a n d weighed every 6 d for the first 54 d and monthly thereafter. In growth cultures, shell length (the longest shell dimension) of 10 larvae was measured at each sampling date. Larvae from each culture sampled for growth determinations were placed on filter paper that absorbed the small volume of sea water from around the hydrophobic shells of the RESULTS veligers leaving them free of contaminating salts. The larvae were dried at 60 ' C and then transferred to preLarvae of Aplysia juliana underwent a typical postashed and pre-weighed (< 2 mg) aluminium foil pans.
hatching development (Switzer-Dunlap and Hadfield, They were then dried to constant mass at 80 'C and 1977) , increasing in maximum shell length from -130 mass determinations of 10 pans each containing larvae &m at hatching to a plateau of -335 pm. Other than the were made on each sampling date. The larvae in pans propodium of the larval foot, no development of organs were next ashed at 500 ' C for 3 h and re-weighed. The preparatory for a benthic juvenile existence was 500 "C temperature was used to prevent the decomposition of CaCO, in the veliger shell that would occur at higher temperatures (Paine, 1964) . Mass determinations were made on a Cahn 25 Automatic Electrobalance using the 2 mg range. Ten pans, each containing 10 larvae, were weighed at hatching. Six d after hatching, 10 pans, each containing 5 larvae, were weighed. In Set I, 10 pans containing 3 larvae each were weighed 12 d after hatching. All other mass determinations consisted of 10 pans each containing 1 larva. During the weighing procedure, pans of larvae whose mass was not being determined were held at -80 'C before ashing and -160 "C after ashing to prevent absorption of atmospheric water vapor. Larvae from growth and survival cultures were periodically tested for competence to metamorphose. In order to avoid depleting the number of larvae in the cultures only 5 or 10 larvae were used for each test. In 2 tests run on larvae from the stock cultures of Set I1 at 210 and 250 d after release from the egg mass, 28 and 23 larvae, respectively, were tested. In Set I, unmetamorphosed larvae were not returned to culture. In survival cultures of Set 11, most unmetamorphosed larvae were returned to culture. Larvae that were tested for competence to metamorphose were placed in stender dishes containing Millipore pre-filtered sea water and either Ulva fasciata or U. reticulata, algae that can induce metamorphosis (Switzer-Dunlap and Hadfield, 1977) . Cetyl alcohol (n-hexadecanol) was sprinkled on the water surface to prevent larvae from becoming immobilized by surface tension (Hurst, 1967) . Larvae that gave rise to feeding juveniles were considered to have completed metamorphosis successfully.
Juveniles that metamorphosed from larvae obtained from the stock cultures at 210 and 250 d and from one of the survival cultures of Set I1 at 311 d were reared through reproductive maturity using the methods of Switzer-Dunlap and Hadfield (1979) .
Both linear and log-linear regression analyses were performed on the data from the 3 survival cultures of Set 11. At 174 d, 1 of the 3 cultures was counted 1 d later, and a t 204 d, 1 culture was counted 3 d later. In each case, all 3 cultures were considered to be counted on the same day for the purpose of regression. All other cultures were counted on the days indicated. (Fig. l ) . Tissue mass continued to increase for 16 d in Set I and 34 d In Set I1 after cessation of shell growth. Larvae, though continuing to feed and swim, entered a no-growth phase; tissue and shell mass reached a plateau and remained nearly constant up to 234 d after hatching, the longest period for which growth measurements were made. The only differences observed between larvae at the beginning of their growth plateau and after extended survival were the development of brown pigment deposits in the foot and retracted mantle fold, and a pink pigment accumulation at the rear of the mantle cavity.
Larvae in survival cultures developed normally and survived as long as 316 d. Deviations from regression in the linear analysis performed on the survival data from Set I1 showed a significant (p < 0.005) lack of fit.
The regression curve calculated for log transformed data was significant at the p < 0.025 level and deviations from regression did not show significant lack of fit (0.25 > p > 0.10). The regression curve and standard errors of the regression coefficient, s,, and the intercept, S,, are given in Fig. 1 Degeneration of larval organs, such a s that described for the velum of larvae of the lamellabranch Mytilus edulis during long term culture (Bayne, 1965) , did not occur. Aplysia juliana veligers rarely demonstrated the searching-crawling phase described for other molluscan larvae prior to metamorphosis (Thompson, 1958 (Thompson, , 1962 Bayne, 1965) . Spontaneous metamorphosis was never observed.
The percentage of larvae completing metan~orphosis in both young a n d old veligers that had undergone sufficient development to attain competence to metamorphose was generally low and varied from 0 % to 60 %. In Set I, 3 larva out of 5 tested reached the feeding juvenile stage 173 d after hatching. In Set 11, 2 larvae out of 28 a t 210 d, 2 larvae out of 23 at 250 d , and 1 larva out of 5 a t 311 d developed into feeding juveniles. These juveniles appeared normal and those from Set I1 underwent typical growth Hadfield, 1977, 1979) through reproductive maturity.
DISCUSSION AND CONCLUSIONS
As larvae of Aplysia juliana reared in laboratory culture complete their development and become competent to metamorphose they enter into a 'delay' period (Scheltema, 1967) characterized by a non-growing state, like that described by Scheltema (1966) . This no-growth stage can be sustained for long periods of time, and Pechenik (1980) has suggested that it could be accomplished by a decrease in either the rate of ingestion or assimilation efficiency, a n increase in the rate of energy demand relative to energy accumulation, or any combination of these. The accumulation of brown pigment in the larval foot a n d retracted mantle fold during extended larval survival is reminiscent of lipofuscin deposition in cells of senescing higher organisms (Strehler, 1964) and suggests that not all larval metabolic processes attain a steady state. The logarithmic survival curve, however, implies that larval mortality is due to extrinsic environmental factors rather than senescence (Comfort, 1979) . Bacterial contamination is known to affect viability of lamellibranch larvae in culture (Walne, 1958; Guillard, 1959) and despite the addition of antibiotics may have influenced larval mortality in cultures of A. juliana. In addition, the large range of temperature variation experienced in the laboratory may have had an adverse effect on larval survival.
An important factor affecting the potential of a larva to achieve long-distance dispersal is its capacity to maintain the ability to metamorphose for long periods of time. Many invertebrate larvae appear to possess the potential to maintain metamorphic competence in that they show a preference to metamorphose only in response to a specific substrate (Thompson, 1958 (Thompson, , 1962 Hadfield and Karlson, 1969; Kriegstein et al., 1974; Harris, 1975; Hadfield, 1977; Kempf and Willows, 1977; Perron and Turner, 1977; Switzer-Dunlap and Hadfield, 1977; Chia and Koss, 1978; Chia and Rice, 1978) . In some instances, a s the duration of larval life increases, larvae become less discriminating and eventually may undergo spontaneous metamorphosis (Thorson, 1966; Pechenik, 1980) . Larvae of Aplysia juliana cultured in the laboratory are typically competent to metamorphose 28 d after emerging from the egg mass (Switzer-Dunlap and Hadfield, 1977) . Even during periods of culture as long as 311 d, spontaneous metamorphosis was not observed and larvae continued to metamorphose only in response to Ulva. While larvae in long-term cultures varied in their ability to metamorphose (0-60 %) when tested periodically, the differences were no greater than those observed in young larvae that have recently attained metamorphic competence (Switzer-Dunlap, pers. comm.). The observed variation did not correlate with larval age and was assumed to b e caused by inadequate culture conditions. The important result of the tests for metamorphic competence is that some larvae were capable of completing metamorphosis a n d of growing to reproductive maturity even after 210, 250 and 311 d in culture. Thus, the larvae of A juliana have the potential to maintain competence to metamorphose during periods of teleplanic dispersal. If oceanic waters provide more optimal conditions for sustaining larvae than closed laboratory systems, survival and competence to metamorphose should be more readily maintained in the natural environment.
A number of observations indicate that larvae of Aplysla juliana, and probably some other opisthobranchs as well, do accomplish long-distance dispersal. Adult A. juliana have a world-wide tropical distribution and are also found in the colder waters of Japan (Eales. 1960; Marcus, 1972) . Opisthobranch larvae have been found in plankton tows u p to 500 miles from shore (Mileikovsky, 1968) , a distance more than sufficient to place them in major ocean currents. A. juliana reared in the laboratory can each produce as many as 2.72 X 108 eggs during their lifetime (Swither-Dunlap and Hadfield, 1979) . Densities in field populat~ons may be as high as 3.5 animals-m-> and spawn production may reach 6.56 X 106 eggs-(m2-wk)-' (Sarver, 1978) . The large numbers of larvae emerging from these egg masses increase the chance that some veligers avoid predation or mortality from other environmental factors during extended periods adrift in the plankton. In addition to long survival and maintenance of competence to metamorphose that is observed i n the laboratory, the distribution of the adults and the fecundity of the species support the hypothesis that larvae of A. juliana have a potential for long-distance dispersal. Thorson (1961) estimated that transport by ocean currents from Japan to Mellish Bank (near the northwest extension of the Hawaiian archipelago) would take 77 d. This period is well within the survival capabilities of larvae of Aplysia juliana and may explain the means by which its original invasion of these islands was accomplished, as well as how this species can continue to maintain genetic relationship with conspecifics in remote areas. Accumulating evidence for teleplanic larvae presented here and elsewhere (Scheltema, 1966 (Scheltema, , 1971a Strathman, 1978) supports the hypothesis that this means of dispersal and subsequent genetic interchange is of more importance in species distribution and prevention of spec~ation than previously thought.
